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Objective:Homer1a is a protein that regulatesmetabotropic glutamate receptors involved inneural plasticity pro-
cesses. Recently, we demonstrated thatHomer1amRNA is enhanced after pilocarpine-induced status epilepticus.
Here, we investigatedwhether a single acute seizure triggered bymeans of pentylenetetrazole (PTZ) injection or
maximal electroshock (MES) stimulation (2 different seizure models) would alter Homer1a expression in the
hippocampus.
Methods:MaleWistar rats subjected to the PTZ or MES model were analyzed 2 h, 8 h, 24 h, and 7 days after sei-
zure induction. Homer1a,mGluR1, andmGluR5mRNA expression levels in hippocampal extracts were analyzed
by quantitative PCR.
Results: Quantitative PCR revealed Homer1a overexpression at 2 h after MES-induced tonic–clonic seizures com-
pared to control, but the overexpression did not remain elevated after 8 h. Pentylenetetrazole-induced seizures,
in contrast, were not able to change Homer1a mRNA expression. No differences were observed at these time
points after seizures for mGluR1 and mGluR5mRNA expression in any of the models.
Signiﬁcance: Our data indicate that the levels of Homer1a mRNA were transiently increased only after MES-
induced tonic–clonic seizures (and not after PTZ-induced seizures). We suggest that Homer1a expression may
be dependent on seizure intensity or on speciﬁc brain circuit activation. We suggest that Homer1a may contrib-
ute to counteract hyperexcitability processes.© 2015 Elsevier Inc. All rights reserved.1. Introduction
Epilepsy is one of the most common neurological conditions
after stroke and Alzheimer's disease, and it is a public health prob-
lem [1]. Currently, epilepsy research is embarking on a revitalized
effort to move from targeting control of symptoms to strategies
for prevention and cure of epilepsy [2]. One important direction
for new therapeutics is the identiﬁcation of new molecular targets,
especially the ones that are involved in the epileptogenic process
[3].
Some of the most used animal models currently employed to study
epilepsy are those created by chemical stimulation, i.e., administration
of pentylenetetrazole (PTZ), or by electrical stimulation, such as
maximal electroshock (MES). Pentylenetetrazole generates clonic sei-
zures mediated by the prosencephalon that can be followed byelectroshock.
Paulo, Pedro de Toledo St, 669,
579 2033.generalized tonic–clonic seizures [4]. The clonic movement of
forelimbs is related to activation of structures not only in the limbic sys-
tem but also in the thalamus, neocortex, and nucleus basalis [5].
Pentylenetetrazole is an antagonist at the gamma-aminobutyric acid
(GABA)A receptor complex [6]. Pentylenetetrazole alters the ionic con-
ductance of sodium and potassium channels [7] by inducing changes in
intracellular Ca2+-related processes [8]. Several receptor systems are
affected by the administration of PTZ, including changes in ionotropic
and metabotropic glutamate receptors (mGluRs) [9]. On the other
hand, MES generates tonic–clonic convulsions mediated by the
brainstem [10]. However, there are not many consistent electrophysio-
logical data on MES as the high seizure intensity does not allow the re-
cording to proceed without many other inﬂuences [11]. Morphological
studies using the MES model did not show relevant neuropathological
changes [12], but at the molecular level, changes in some gene expres-
sions, especially of the immediate early genes (IEGs), were demonstrat-
ed [13]. Taken together, multiple changes in transmitter systems,
plasticity, and other processes occur as a consequence of a single PTZ
administration or MES stimulation. How these changes contribute to
the immediate ictal event, immediate seizure termination, and longer-
term anticonvulsant or refractory mechanisms is not clear.
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tions; thus, they generate different responses. They are rapidly
induced in response to extracellular stimuli, and they initiate intra-
cellular cascades that underlie long-term adaptations in neuronal
gene expression and synaptic metabolism [14]. There are many
studies showing the expression of these IEGs after seizures. After
administration of lithium–pilocarpine, an increase of c-fos mRNA
expression was observed [15]. Our group observed an acute increase
of c-fos after status epilepticus induction and described that it may
also lead to a long-lasting state of c-fos downregulation in the chron-
ic phase (weeks tomonths) of the pilocarpinemodel [16]. Investigat-
ing some other IEGs after pilocarpine-induced status epilepticus, we
found that Homer1a is one of the mRNA proteins that are acutely
overexpressed [17]. Medeiros and colleagues found c-fos expression
when PTZ and electroshock stimulation are applied together [18]. In an-
other study, the levels of some IEGs (fos, Arc, Egr1) were increased in
different brain areas, including the hippocampus, after PTZ-induced sei-
zures [19]. Maximal electroshock is also able to increase c-fosmRNA ex-
pression in the hippocampus [20]. Studying IEG expression after
seizuresmay be a useful tool to investigatemeans to avoid the epilepto-
genic processes in the hippocampus or alternatively enhance endoge-
nous antiepileptogenic systems.
Homer1a is an immediate early gene regulated by alternative splic-
ing and dependent on electrical activity in the postsynaptic excitatory
density [21]. All members of the Homer family interact selectively
with the C-terminal region of group I mGluRs (mGluRI: mGluR1 and
mGluR5) and inositol-1,4,5-triphosphate receptors [22]. Group I
mGluRs can modulate hippocampal pyramidal neurons by increasing
their excitability and synaptic activity [23], decreasing sAHP (slow
afterhyperpolarization) [24], and potentiating NMDA receptors' signal-
ing [25]. All these mechanisms contribute to increased levels of excita-
tion in the hippocampal network.
Homer1a is upregulated by seizures, long-term potentiation, vi-
sual stimulation, and synaptogenesis [26]. Thus, Homer1a is an en-
dogenous modulator of an adaptor system which comprises the
crosslinking of Homer proteins and their binding partners, among
them membrane receptors and channels as well as intracellular
pools of releasable calcium [22]. Our previous work showed that dur-
ing the epileptogenesis process after pilocarpine-induced status ep-
ilepticus, the levels of Homer1a increase in the hippocampus and
there is a modulation of mGlur5 expression in the entorhinal and
piriform cortices [17]. Kirschstein and colleagues showed that after
the epileptogenic process induced by pilocarpine, there was a reduc-
tion of Homer1a and mGluR5 levels which led to a loss of mGluR-
dependent long-term depression [27]. Thus, Homer1a may have an
important role in the control of seizures and during the epileptogen-
ic process given that the Homer1a scaffold might, somehow, alter
signaling and, therefore, downregulate mGluR5.
The outcomeof each seizure (induced by PTZ andMES) is largely dif-
ferent from each other. Despite its capacity to trigger secondarymecha-
nisms that may inﬂuence an epileptic substrate, MES, even after
repetition, does not lead to a kindling phenomenon [28]; on the other
hand, PTZ-triggered seizures are clearly associated with a progressive
recruitment of brain structures with the eventual development of kin-
dling [29]. In other words, the hippocampus is involved in the epilepto-
genic process in the PTZ, but not in the MES, model. Here, we
investigated whether plastic changes might be differentially associated
with these 2 models and may contribute to explain the different conse-
quences in the hippocampus. As we described, IEG analysis is a useful
means to investigate how to avoid the epileptogenic processes in the
hippocampus or alternatively enhance endogenous antiepileptogenic
systems. In particular, Homer1a is able to modulate secondary mecha-
nisms that downregulate mGluRI [27], suggesting an antiepileptogenic
pathway [30]. Based on that, we investigated here the hippocampal ex-
pression of Homer1a and mGluRI after generalized seizures induced by
PTZ or MES.2. Methods
2.1. Animals
Adult maleWistar rats (180–240 g) provided by the University Cen-
tral Animal House (CEDEME) were maintained under controlled stan-
dard conditions (12/12 light/dark cycle, lights on at 07:00 a.m.), with
rat chow pellets (Nuvilab, Colombo, Brazil) and water available ad
libitum. All experimental protocols were approved by the Universidade
Federal de São Paulo Animal Care and Use Ethics Committee (0467/04).
2.2. The pentylenetetrazole model
Animals were treated with PTZ (50 mg/kg, i.p.; n = 78) and saline
(n= 41) as experimental control. After the administration of PTZ or sa-
line, all animals were observed for 15 min. Seizure severity following
PTZ was evaluated as described by a modiﬁed 10-stage version of the
Racine limbic seizure scale [31] as follows: I, facial automatisms; II, facial
and head clonus; III, forelimb clonus; IV, forelimb clonus and rearing,
Straub tail, and wild running; V, bilateral forelimb clonus with loss of
posture; VI, multiple stage V seizures; VII, jumping; VIII, running and
jumping; IX, stage VIII followed by tonic seizures; and X, multiple
stage IX seizures. The latency and duration of each score were deter-
mined for each treated group. Animals were grouped according to the
seizure score: animals that did not show any convulsive behavior or
generalized seizures (scores I to III, PTZ− group) and those that showed
generalized seizures (scores IV to V, tonic/clonic, PTZ+ group) [31].
Given that every animal developing multiple stage V seizure scores
or achieving seizure scores greater than VI developed status epilepticus
after PTZ, we pooled all scores greater than V and rated that as SE. The
latency and duration of seizures were evaluated in each animal.
Pentylenetetrazole animals were separated into those that developed
generalized seizures and those that did not develop generalized
seizures.
2.3. The maximal electroshock (MES) model
Auricular electrodes were used to electrically stimulate (150 mA,
60 Hz, 0.25 s, n = 63) another set of animals, and another 24 rats
were used as sham. The duration of tonic and clonic seizures and
postictal period was analyzed over 5 min. The intensity of seizures
followed the scale described by Browning et al. [10]: a, clonic, without
losing posture; b, clonic, losing posture; c, forelimb extension (tonic)
and hindlimbﬂexion; d, forelimb extension (tonic) and partial hindlimb
extension; and e, forelimb and hindlimb extension. The duration of sei-
zureswas evaluated in each animal. The animals that received electrical
stimulation were separated into those that did not develop tonic (a–b)
and those that developed tonic–clonic (c–e) seizures.
2.4. RNA extraction and quantitative real-time PCR analysis
Animals in all groups were randomly analyzed 2 h, 8 h, 24 h, and
7 days after seizure induction. They were decapitated, and their hippo-
campi were collected. Total RNA from the hippocampus was isolated
using TRIzol Isolation Reagent (Invitrogen, USA). Using denaturing aga-
rose gel electrophoresis, RNA integrity was conﬁrmed, and the concen-
trationwas quantiﬁed bymeasuring the optical density (OD) at 260 nm.
Onemicrogram total RNAwas used for DNaseI treatment using the RQ1
RNase-Free DNase kit (Promega) and subsequent cDNA synthesis. Re-
verse transcription was performed with oligo(dT) and SuperScript™
III Reverse Transcriptase (Invitrogen) for cDNA synthesis according to
the manufacturer's instructions. Real-time qPCR was performed on the
ABI 7500 Real-Time PCR System using SYBR Green (Applied
Biosystems). The ampliﬁcation reactionswere performed under the fol-
lowing conditions: 95 °C for 10 min, followed by 40 cycles of 95 °C for
15 s, 60 °C for 15 s, and 72 °C for 30 s. Table 1 shows the primers used
Table 1
Primer sequences for real-time PCR.
Gene Oligonucleotides
HPRT (s) 5′-CTCATGGACTGATTATGGACAGGA-3′
HPRT (as) 5′-GCAGGTCAGCAAAGAACTTATAGCC-3′
Homer1a (s) 5′-GAAGTCGCAGGAGAAGATGG-3′
Homer1a (as) 5′-TGATTGCTGAATTGAATGTGTACC-3′
mGluR1 (s) 5′-GCCCATTCCTGTCCGTTATCTTGAGT-3′
mGluR1 (as) 5′-GAAGATGAGGGTGACAAACAGCGT-3′
mGluR5 (s) 5′-TCCAGCAGCCTAGTCAACCT-3′
mGluR5 (as) 5′-CTCATTGTTGCTCTCCCACCATTC-3′
Database from NCBI through BLAST: HPRT — hipoxantina-guanine phosphoribo-
syltransferase (X62085.1); Homer1a (AJ276327.1); mGluR1—metabotropic glutamate
receptor type 1 (NW047544.2); mGluR5—metabotropic glutamate receptor type 5
(NW047561.1); s— sense; as— antisense.
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in target genes relative to the endogenousHPRT controlwere calculated
[32]. Each reaction was performed in triplicate.
2.5. Statistical analysis
Data analysis was performed using STATISTICA software v.8. The la-
tency and duration of PTZ- and MES-induced seizures were expressed
as time (s) and compared by Levene's test to evaluate homoscedasticity
between groups, and ρ N 0.05 was considered signiﬁcant. Comparisons
between multiple groups were performed using one-way ANOVA
followed by the Tukey–Kramer test. Differences were considered to be
signiﬁcant at ρ b 0.05. Data are described as mean ± SD.
3. Results
3.1. Behavioral analysis of pentylenetetrazol-induced seizures
A total of 119 rats received either PTZ (78 animals) or an equivalent
volume of saline (41 animals; SAL group) as the experimental control.
Twenty-nine PTZ-injected animals (37%) did not show any convulsive
behavior or generalized seizures (scores I to III, PTZ group), 46 (59%)2h 8h 24h 7d
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Fig. 1. Seizure behavioral analysis in PTZ andMESmodels. The latency and duration of seizures i
for each different time point (2 h, n = 5; 8 h, n = 11; 24 h, n = 14; and 7 days, n = 13). No d
Levene's test is signiﬁcant at ρ N 0.05.showed generalized seizures (scores IV to V, tonic/clonic, PTZ+ group),
and 3 (4%) did not survive after tonic seizures.
Animals that had generalized seizures showed amean seizure laten-
cy of 71.2± 27.8 s and amean seizure duration of 219.3± 194.4 s. Data
on the latency and duration of seizures were distributed with homosce-
dasticity according to Levene's test (ρ N 0.05). These data are homoge-
neous for seizure latency and duration of animals between each
different time point (2 h, 8 h, 24 h, and 7 days) after PTZ induction
(Fig. 1A).
3.2. Behavioral analysis of maximal electroshock-induced seizures
A total of 87 rats were used in the MES model: 63 receivedMES and
24 were sham controls (CTR group). Thirty-three MES-subjected ani-
mals (52%) did not show convulsive behavior or generalized seizures
(stages a and b, MES− group), and 30 (48%) showed generalized sei-
zures (stages c, d, and e, tonic/clonic, MES+ group).
In theMESmodel, the seizure onset is almost immediate; thus, there
were no latency data. Tonic–clonic seizure duration was 14.6 ± 3.5 s,
and clonic seizure duration was 28 ± 16 s. Data on the duration of sei-
zures were distributed with homoscedasticity according to Levene's
test (ρ N 0.05). These data were homogeneous for seizure duration of
animals between each different time point (2 h, 8 h, 24 h, and 7 days)
after MES induction (Fig. 1B).
3.3. Homer1a, mGluR1, and mGluR5 mRNA regulation after PTZ- and
MES-induced seizures
Values of Homer1a, mGluR1, and mGluR5 mRNA expression were
normalized to measurements for HPRT. The mRNA expression of HPRT
was not shown to be regulated in either PTZ- or MES-induced seizures
(data not shown). The two-way ANOVA of Homer1a levels indicated a
signiﬁcant effect of time after induction [F(3,45) = 5.08, ρ b 0.05]; how-
ever, there was no effect of different conditions. In the two-way ANOVA
of mGluR1 and mGluR5 levels, no signiﬁcant effects were observed. We
veriﬁed that after PTZ-induced seizures, there were no differences for2h 8h 24h 7d 2h 8h 24h 7d
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n the PTZmodel (A) and only duration values in theMESmodel (B). Datawere distributed
ifferences in the latency and duration of seizures among the analyzed groups were found.
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(Fig. 2A).
In contrast, after MES-induced seizures, the two-way ANOVA of
Homer1a levels indicated a signiﬁcant effect of time after induction
[F(3,47) = 30.14, ρ b 0.05], a signiﬁcant effect of condition [F(2,47) =
11.38, ρ b 0.05], and a signiﬁcant effect of time vs. condition
[F(6,47) = 10.40, ρ b 0.05]. We observed an increase in the Homer1a
mRNA level 2 h after tonic–clonic seizures compared to other time
points analyzed for this group and to other groups. The Homer1a
level at 2 h in animals that developed tonic–clonic seizures was two-
fold higher than that seen at the same time point in animals that only
developed clonic seizures. However, after MES, the two-way ANOVA
of mGluR1 and mGluR5 levels did not show any signiﬁcant effects
(Fig. 2B).
Immunohistochemistry was used to further characterize the cellular
expression pattern of mGluR5 in different brain regions. However, we
also did not ﬁnd any signiﬁcant effect of PTZ- or MES-induced seizures
on mGluR5 proteins levels (data not shown).0.0
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Fig. 2. Real-time PCR analysis for mRNA in PTZ andMESmodels. Relative expression of Homer1
pocampuswere determined by qPCR. Sampleswere taken at the indicated time points after seiz
mGluR1, andmGluR5were normalized to HPRTmeasurements (mean ± SEM of triplicate runs)
and those that developed generalized seizures (PTZ+); MES animals were separated into thos
zures. Signiﬁcant differences are indicated by an asterisk compared with animals without seizu4. Discussion
In the present study, we analyzed the regulation of Homer1a,
mGluR1, and mGluR5 mRNA expression in hippocampi after PTZ- and
MES-induced seizures. Our data indicate that tonic–clonic seizures in
the MES model transiently enhance Homer1amRNA expression in hip-
pocampi. However, PTZ-induced seizures were not able to modulate
Homer1a at the analyzed time points. We also did not ﬁnd anymodula-
tion of mGluRI (mGluR1 and mGluR5) expression, in any of these
models, at least in the hippocampus.
Homer1a protein competes functionally with the constitutive
Homer proteins and modulates the trafﬁcking of type I metabotropic
glutamate receptors (mGluRs), axonal pathﬁnding, mGluR coupling to
calcium and potassium channels, agonist-independent mGluR activity,
ryanodine receptor regulation, locomotor activity, and behavioral plas-
ticity [33]. Homer1a acts as an immediate early gene (IEG), a neuron-
speciﬁc splice isoform that is rapidly and transiently upregulated by
synaptic activity, in a seizure-stimulated and long-term potentiating0.0
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. PTZ animals were separated into those that did not develop generalized seizures (PTZ−)
e that did not develop tonic (MES−) and those that developed tonic–clonic (MES+) sei-
res (MES− and CTR) and to other time points after tonic–clonic seizures (ρ b 0.05).
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tonic–clonic seizures are associated with increased Homer1a levels as
a consequence of neuronal hyperexcitability. It is possible that the in-
crease of Homer1a after seizures is associated with glutamatergic syn-
aptic plasticity. However, we did not ﬁnd any signiﬁcant effect in
mGluRI mRNA expression in the hippocampus after PTZ- or MES-
induced seizures at the time points analyzed. It is important to highlight
that someHomer1a effects overmGluRI, such as subcellular localization
changes [34], Ca2+ signaling pathway regulation [35,36], increases in
AMPA receptor activity [37], and some other effects on synaptic trans-
mission [37], have not been assessed in our study. In addition, even
after status epilepticus (therefore, much greater seizure intensity), we
have reported changes in mGluR5 expression that were seen only in
some portions of the hippocampal complex [17]. Based on these, we
can suggest that in this study, Homer1a was not able to change the
levels of mGluRI expression, which, however, might have been modu-
lated in yet other ways as mentioned above.
Here, we reported that 2 h after MES-induced tonic–clonic seizures,
Homer1a levels were 9.3-fold greater than after PTZ-induced general-
ized seizures (returning to basal levels 8 h after seizures). Previously,
our group reported that Homer1a is overexpressed after pilocarpine-in-
duced status epilepticus. We found that Homer1amRNA is upregulated,
in the hippocampus, 2 h after SE onset and remains increased, at least
for 8 h, before returning to basal levels 24 h later (thus, a longer expres-
sion curve than after MES-induced tonic–clonic seizures). Compared to
pilocarpine-induced SE, PTZ- and MES-induced acute seizures showed
different curves of Homer1a expression. Based on that, we suggest
that Homer1a expressionmight be related to a secondary plastic change
in the hippocampus that is associated with the epileptogenic process
[38].
Szyndler and colleagues showed very similar results to those shown
here, after treating rats with a single injection of PTZ, with a dose
(55mg/kg) close to the one that we used (50mg/kg). These authors
analyzed the hippocampi through immunohistochemistry and
found that after a single PTZ injection, the levels of Arc protein
are increased only in the dentate gyrus [38]. Given that we have
analyzed Homer1a in a homogenate of the whole hippocampus,
we are unable to report on speciﬁc subﬁelds of the hippocampal
complex. In addition, Szyndler and colleagues found an expressive
Arc expression in the hippocampus after PTZ-induced kindling
[38]. Thereby, Homer1a may not only be the IEG whose expression
is related to secondary plastic changes in the hippocampus; some
other IEGs are also likely to have an important role [38].
Kirschstein and colleagues analyzed the regulation of Homer and
mGluR5 after the epileptogenic process following pilocarpine-induced
status epilepticus. They found that Homer and mGluR5 may decrease
not only as a result of neuronal death in CA1 but also due to a reduction
of these proteins in surviving neurons [27]. In our previous study, we
veriﬁed that themGluR5 protein level was decreased in piriform and en-
torhinal cortices but not in CA1 in animals undergoing epileptogenesis
[17]. Based on this, we can suggest that mGluR5 downregulation in
CA1 may be dependent on long-term changes after epileptogenesis.
Pilocarpine-induced status epilepticus is able to generate changes in
mGluR5 expression, but PTZ- and MES-induced seizures do not reach
the intensity or duration of seizure activity that may be required for an
effect over mGluR5 expression. However, mGlu5 receptor KO mice
were not less prone to seizures following a range of convulsant chemical
stimuli [39]. All these data may suggest potential limitations of targeting
mGlu5 receptors for antiepileptic therapies. Some studies have shown
an important role for themGlu1 receptor in epilepsy [40]. In our current
report, however, we did not ﬁnd any association between changes in
mGlu1 and seizures at least under the current experimental conditions.
Potschka and colleagues described a possible protective role of
Homer1a. They suggested that Homer1amRNA upregulation might be
associated with an endogenous antiepileptogenic mechanism triggered
by hyperexcitability of mGluRI [30]. In addition, when Homer1a proteinis injected or overexpressed, the probability of generating action poten-
tials becomes reduced at the soma, thereby driving a feedback regula-
tion of excitability, which may be related to clinical beneﬁts of
electroshock [41]. These studies suggest an anticonvulsant or
antiepileptogenic action of Homer1a. Indeed, repeated PTZ-induced sei-
zures may lead to kindling, a progressive change that results from plas-
ticity towards a more excitable brain [29]. In contrast, repeated MES-
induced seizures do not lead to a progressive phenomenon and are rath-
er static in terms of further facilitation of later excitatory stimuli [42].
Given the putative antiepileptogenic nature of Homer1a, it is tempting
to speculate that its increase after MES may contribute to the
nonepileptogenic nature of this convulsive stimulation. As a corollary,
we also suggest that the progressive nature of repeated PTZ-induced
seizures might be in part associated with the absence of Homer1a in-
duction after each seizure. Direct investigation of these hypotheses
may further strengthen the suggested functional role of Homer1a in
the endogenous control of seizures and epileptogenesis.Acknowledgments
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